[1] Oxygen and deuterium isotopic values of meteoric waters from Ethiopia are unusually high when compared to waters from other high-elevation settings in Africa and worldwide. These high values are well documented; however, the climatic processes responsible for the isotopic anomalies in Ethiopian waters have not been thoroughly investigated. We use isotopic data from waters and remote data products to demonstrate how different moisture sources affect the distribution of stable isotopes in waters from eastern Africa. Oxygen and deuterium stable isotopic data from 349 surface and near-surface groundwaters indicate isotopic distinctions between waters in Ethiopia and Kenya and confirm the anomalous nature of Ethiopian waters. Remote data products from the Tropical Rainfall Measuring Mission (TRMM) and National Centers for Environmental Prediction (NCEP) reanalysis project show strong westerly and southwesterly components to low-level winds during precipitation events in western and central Ethiopia. This is in contrast to the easterly and southeasterly winds that bring rainfall to Kenya and southeastern Ethiopia. Large regions of high equivalent potential temperatures (q e ) at low levels over the Sudd and the Congo Basin demonstrate the potential for these areas as sources of moisture and convective instability. The combination of wind direction data from Ethiopia and q e distribution in Africa indicates that transpired moisture from the Sudd and the Congo Basin is likely responsible for the high isotopic values of rainfall in Ethiopia.
Introduction
[2] Stable isotopes of oxygen and hydrogen in precipitation can be used to track meteorological processes because the distribution of a heavy or light isotope in water depends on equilibrium and kinetic processes associated with water's phase transitions. In the tropics, rainfall amount, altitude, distance from coastlines, moisture source, and humidity are the dominant controls on oxygen and hydrogen isotopes in precipitation [Dansgaard, 1964; Gedzelman and Lawrence, 1990; Lawrence et al., 2004; Rozanski et al., 1993] . Rainfall in most of Ethiopia is a well-noted exception to these trends because its oxygen isotope composition is independent of rainfall amount, altitude, or distance from coastlines [Dansgaard, 1964; Rozanski et al., 1996] .
[3] A comparison between d
18
O values of rainfall in Addis Ababa, Ethiopia and Dar es Salaam, Tanzania demonstrates the anomalous nature of Ethiopian waters (Figure 1 ). Addis Ababa (latitude 9.00°N, longitude 38.73°E, 2360 m above sea level) is more than 500 km from the nearest coastline in the Gulf of Aden and more than 1000 km from the Indian Ocean. Dar es Salaam is a coastal city (latitude 6.88°S, longitude 39.20°E, 55 m above sea level), and the only station within the Global Network of Isotopes in Precipitation (GNIP) in eastern Africa that documents d
O values of precipitation that comes directly from the Indian Ocean [Rozanski et al., 1996 ; International Atomic Energy Agency (IAEA), Global network of isotopes in precipitation, The GNIP Database, 2006, http://isohis.iaea.org]. Since these sites receive comparable amounts of precipitation annually, global trends would predict lower oxygen and hydrogen isotope ratios of precipitation in Addis Ababa than in Dar es Salaam, due to lower mean annual temperature in Addis Ababa and increased fractionation due to both the continental and altitude effects [Rozanski et al., 1996] . However, rainfall isotope data from GNIP show the opposite trend. Oxygen isotope ratios of rainfall in Addis Ababa are higher than those in Dar es Salaam, except during the rainy season when they overlap (Figure 1 ).
[4] Several explanations have been proposed for the anomalous isotopic distributions in Ethiopian rainfall. Dansgaard [1964] , who initially recognized that the stable isotope ratios of Ethiopian waters were unusual, suggested that partial evaporation of rainfall and reexchange with moisture near the ground could produce the high isotope values. Sonntag et al. [1979] proposed that westerly, recycled moisture from the Congo Basin could explain high oxygen-18 and deuterium isotope concentrations in Ethiopian rainfall, because transpired moisture does not experience isotopic differentiation and often yields d
18 O and dD values that are equal or greater than the isotopic composition of water vapor over the ocean [Gat and Matsui, 1991; Salati et al., 1979] . In contrast, Joseph et al. [1992] proposed that the relatively 18 O-enriched Ethiopian waters represent the first rainout from Indian Ocean moisture as it moves westward.
[5] To further explore these trends, additional data are needed to bolster the long-term record from Addis Ababa and the sparse data from GNIP stations elsewhere in eastern Africa. Surface waters and shallow groundwaters can be useful indicators of the average isotopic composition of rainfall when long-term data sets are not available [Kendall and Coplen, 2001] . Although the isotopic composition of surface and shallow groundwaters are not true proxies for the isotopic composition of rainfall, given variability in catchment size, transport time, season, and evaporative enrichment, they are useful indicators of the isotopic composition of precipitation in regions where long-term precipitation collections are not available [Poage and Chamberlain, 2001; Rowley and Garzione, 2007] .
[6] We investigate explanations for high oxygen isotope ratios of Ethiopian rainfall in three steps. First, we present oxygen and hydrogen stable isotope ratios of rain and of surface and near-surface waters from Ethiopia and Kenya. These data extend the geographic range of the GNIP data set and are used to test whether isotopic trends of waters from Addis Ababa reflect the isotopic composition of waters from elsewhere in eastern Africa. Second, remote data products from the Tropical Rainfall Measuring Mission (TRMM) and the National Centers for Environmental Prediction (NCEP) are used to identify wind patterns, moisture sources and regions of convective instability for Ethiopia and Kenya during rain events and for mean seasonal conditions. Last, climatic and isotopic data are integrated and used to develop a working explanation for the distribution of rainfall d
O and dD values eastern Africa. We propose that the Congo Air Boundary serves as an isotopic divide and separates two distinct moisture sources in the region, the Indian Ocean and transpired continental moisture.
Background

Overview of Stable Isotopes in Precipitation
[7] Dansgaard [1964] described the primary influences on the isotopic composition of precipitation, which include temperature, latitude, evaporation, rainfall quantity, altitude, and distance from coastlines. Most isotopic variability at low latitudes correlates to the latter three factors, which are known as the amount, altitude and continental effects. These 'effects' are commonly attributed to Rayleigh fractionation, where condensation prefers the heavier nuclides and the remaining pool of vapor becomes depleted in the heavy isotope. As condensation of water continues throughout a storm, up a mountain, or across a continent, the remaining pool of vapor becomes progressively depleted in the heavy isotope, resulting in rainfall in coastal areas that is enriched in the heavy isotope relative to rainfall at inland or high elevation sites [Dansgaard, 1964; Gat, 2000] . Although the model of Rayleigh fractionation can describe general isotopic trends in the tropics, it does not account for in-cloud and storm-level isotopic processes, which are better explained by the physical controls on precipitation [e.g., Gedzelman and Lawrence, 1990; Gedzelman and Arnold, 1994; Lawrence and White, 1991; Lawrence et al., 2004; Risi et al., 2008] .
[8] Evaporation plays an important role in the distribution of oxygen and hydrogen isotopes in rainfall. During evaporation, when vapor diffuses across the boundary layer, a Salaam (years 1960 Salaam (years -1976 and (b) Addis Ababa (years 1961 -2004) . Adapted from Rozanski et al. [1996] using data from IAEA (Global network of isotopes in precipitation, The GNIP Database, 2006, http://isohis.iaea.org). The d
18
O values are not normalized to rainfall amount. kinetic effect further depletes the resultant vapor of heavy isotopes relative to the remaining pool of water [Craig and Gordon, 1965] . The isotopic fractionation associated with this kinetic effect is amplified in conditions of low humidity.
[9] The isotopic composition of waters is commonly reported in d notation and per mil (%) units, where d = ((R sample /R standard ) À 1)*1000 and R is the ratio of the heavy and light isotopes (e.g., [Dansgaard, 1964] . Deviations from the GMWL are due to kinetic effects associated with evaporation [Gat, 1996; Gonfiantini, 1986] . Rainfall or water bodies that have experienced evaporative loss plot below and to the right of the GMWL, whereas the resultant water vapor plots above and to the left of the GMWL. Rain condensed from such vapor will plot on a line parallel to the GMWL but with a greater y intercept, or deuterium excess (where deuterium excess = dD À 8*d O after water has condensed [Gat et al., 1994; Gat, 1996] .
[10] Although the ocean is the primary source for most rainfall, transpired moisture can be an important moisture source for many terrestrial regions [Brubaker et al., 1993] . In regions with large amounts of evapotranspiration there is no net isotopic fractionation between a water source and the resultant vapor because all of the water consumed by plants is returned to the atmosphere. As a consequence of this wholesale return of water to the atmosphere, precipitation that originates from transpired moisture can yield d
O and dD values that are of equal or greater value than that of the initial ocean source water, but with an unchanged d-excess [Gat and Matsui, 1991; Moreira et al., 1997; Salati et al., 1979; Worden et al., 2007] . The effects of transpiration are best documented in the Amazon, where rainfall produced from transpired moisture plots directly on the meteoric water line (d-excess % 10%), making it distinct from rainfall that originates from evaporated moisture, which has higher d-excess values [Gat and Matsui, 1991; Moreira et al., 1997; Victoria et al., 1991] . These studies demonstrate that stable isotopes can be used to identify precipitation recycled by transpiration because (1) the lack of isotopic differentiation makes it distinct from precipitation that is depleted in heavy isotopes due to Rayleigh fractionation processes and (2) relatively low d-excess values make precipitation recycled through transpiration isotopically distinct from precipitation that has been recycled via evaporation from soil or surface waters.
Climate in Eastern Africa
[11] Equatorial eastern Africa is considered one of the more meteorologically complex parts of Africa [Nicholson, 1996] . The main factors influencing rainfall in eastern Africa are low-level air streams, convergence zones between these air streams, and topography. The three major air streams for eastern Africa are (1) the northeast monsoon that brings predominantly dry air, (2) the southeast monsoon system from the Indian Ocean, and (3) westerly southwesterly humid Congo air [Nicholson, 1996] . The Intertropical Convergence Zone (ITCZ) separates the northeast and southeast monsoons, whereas the Congo Air Boundary separates westerly flow from easterly low-level flows (Figure 2) . The timing and strength of these two monsoon systems control the seasonal distribution of rainfall in eastern Africa. The two rainy seasons in Kenya include the Masika rains in March through May and the Vuli rains in October through December, which are shorter in seasonal duration and less intense than the Masika rains [Camberlin and Philippon, 2002] . Precipitation during both seasons is brought by southeasterly winds from the Indian Ocean [Griffiths, 1972; Nicholson, 1996] . In Ethiopia, the 'big rains', or Kiremt, last from June through September and are sourced by moist southwesterlies and westerlies, whereas the Belg is the shorter rainy season, which occurs during March through May and is associated with the southeastern monsoon [Gamachu, 1977; Griffiths, 1972; Vizy and Cook, 2003] . The Belg rains lose their influence in northern Ethiopia, where there is only one annual peak of rainfall that lasts between June and September. However, in southeastern Ethiopia, rainfall is evenly distributed between the two rainy seasons in March -May and in July -October [Gamachu, 1977] . The timing and extent of rainy seasons vary with latitude and topography in both countries [Gamachu, 1977; Nicholson, 1996] .
[12] The high plateaus (1000 -1500 m), mountains (>4000 m), and varied topography in Kenya and Ethiopia affect regional climate by channeling or blocking low-level airstreams, orographic lifting of air masses, convective heating, and rain shadow effects. The highlands have a critical influence on the Somali Jet, which is part of the southeasterly monsoon system that moves into Kenya from the Indian Ocean, travels northward, and curves northeast toward Somalia and the Arabian Sea, becoming the southwest monsoon of the Indian subcontinent (Figure 2 ). At the equator the Kenyan highlands block the Somali Jet from penetrating further west and the Ethiopian highlands are the Jet's northern limit before it moves eastward again [Krishnamurti et al., 1976; Slingo et al., 2005] (Figure 2 ). The highlands also block moist westerly air from reaching the eastern portions of Ethiopia and Kenya.
Remote Data Products
[13] The TRMM satellite was launched in 1998. It is equipped with the first Precipitation Radar (PR) in space, a passive Microwave Imager (TMI), a Visible and Infrared Scanner (VIRS), and a Lightning Imaging Sensor (LIS) [Kummerow et al., 1998 ]. This suite of instruments facilitates many types of studies, including estimating precipitation amount and area, convective activity, diurnal cycles and storm structure [Kummerow et al., 1998; Nesbitt and Zipser, 2003; Schumacher and Houze, 2006] . The PR on TRMM is a 13.8 GHz radar with a swath 220 km wide and visits a location on average once every 2 -3 days near the equator [Kozu et al., 2001; Kummerow et al., 1998; Negri et al., 2002] . The horizontal resolution is 4.2 km before August 2001 and 5 km after August 2001 [Wilcox and Ramanathan, 2001] . The satellite's non-Sunsynchronous orbit enables sampling of the full diurnal cycle.
[14] Ground validation studies show high correlations (r 2 > 0.9) between PR rainfall estimates and those from gauge-calibrated ground radar [Anagnostou and Morales, 2002; Liao et al., 2001] . Rainfall estimates from remote methods, like those produced by TRMM, can be useful in places like Africa where ground-based data are limited. In Africa, comparisons with gauge data show that the TRMM PR overestimates rainfall amount, especially when and where rainfall is low, whereas the TRMM-merged rainfall products, which include an additional suite of remote data products, show excellent agreement with gauge data [Adeyewa and Nakamura, 2003; Dinku et al., 2007; Nicholson et al., 2003] .
[15] Data from the TRMM satellite have been used to identify Radar Precipitation Features (RPFs), which are defined as a group of contiguous pixels that indicate nearsurface rainfall based on a suite of TRMM data attributes Nesbitt et al., 2000] . The size of a RPF is indicative of storm size and is related to rain volume. In the tropics, most large storms are mesoscale convective systems (MCSs), which are defined by Houze [1993] as ''cloud system[s] that occurs in connection with an ensemble of thunderstorms and produces a contiguous precipitation area $100 km or more in horizontal scale in at least one direction.'' MCSs are identified in the TRMM data set as RPFs with area >2000 km 2 Nesbitt et al., 2000] .
[16] The National Centers for Environmental Prediction (NCEP) and National Center for Atmospheric Research (NCAR) have cooperated in compiling and analyzing more than 50 years of atmospheric data, including data from the land surface, ship, rawinsonde, aircraft and satellite [Kalnay et al., 1996; Kistler et al., 2001] . The reanalysis uses a numerical simulation model that is continuously updated by data assimilation to produce a three-dimensional global data set of atmospheric parameters over a 2.5°Â 2.5°grid. The NCEP/NCAR reanalysis database integrates atmospheric data from the available data sources and provides a useful tool for investigating climate [e.g., Vizy and Cook, 2003 ].
Materials and Methods
Stable Isotope Ratio Measurements
[17] Stream, river, spring, well, rain and tap water samples (n = 349) were collected in Kenya and Ethiopia between 1975 and 2007 . The majority of the sampling sites are concentrated in the rift valley and highland regions of both countries. These sites are binned into zones to evaluate geographic variability in isotopic and climate data (Figure 3 ). Waters were collected in 1 dram glass vials with Teflon coated rubber septa (rubber side facing sample) and others in Qorpak 1 vials with polycone seal caps. Data from geothermal waters, lakes and pools were excluded from this study.
[18] Oxygen and hydrogen isotope ratios of waters were determined using manual and automated methods. The majority of measurements were made at the University of Utah, except as noted below. Hydrogen isotope ratios were determined by analysis of H 2 gas produced by reduction of 2 ml water sample with Zn reagent at 500°C [Coleman et al., 1982] and measured on a Finnigan Delta S mass spectrometer. Oxygen isotope ratios were determined by measurement of CO 2 gas equilibrated with 500 ml to 5 ml of sample water at 25°C for 48 h and measured either by dual inlet or continuous flow mode of a Finnigan mass spectrometer, using methods adapted from Epstein et al. [1953] and Fessenden et al. [2002] . Precision of internal standards used for the offline measurements was 0.2% and 1.5% for d
18 O and dD, respectively. Automated analyses of waters were performed using a single 0.5 ml aliquot of water injected onto a glassy carbon column that was held at 1400°C to produce H 2 and CO 2 gases [Sharp et al., 2001] . After separation by a gas chromatograph in a helium carrier gas, the isotope ratios of these gases were analyzed with a ThermoFinnigan Delta +XL mass spectrometer. Samples were measured in duplicate with an average precision (1s) of 0.2% and 1.3% for d 18 O and dD, respectively. Some d
18
O and dD data from Ethiopian waters (n = 18), that were previously published by Levin et al. [2004] and analyzed at the University of Arizona, are also included in the water isotope data set presented and discussed here. Likewise, previously published data from Kenya (n = 5) are also included here [Barton et al., 1987] . Oxygen and hydrogen isotopic ratios are reported in d notation in reference to the isotope standard VSMOW (Vienna Standard Mean Ocean Water). Where reported below, the error on a statistic represents the standard deviation.
Remote Data
[19] TRMM Precipitation Radar (PR version 6, 2A25) data from the 1998 -2007 collection period were used to identify Radar Precipitation Features (RPFs) as defined by . The 2.5°latitude Â 2.5°longitude NCEP/ NCAR reanalysis data set from six hour intervals [Kalnay et al., 1996] was used to identify wind direction during specific RPFs and average seasonal conditions. NCEP/ NCAR wind direction data for specific times and locations were generated by temporal interpolation and spatially from the nearest neighbor, based on methods used by . Wind angles were generated from NCEP/NCAR reanalysis sounding data for times and location of mesoscale convective systems (MCSs) events at the 850 hPa level, roughly equivalent to 1500 m above sea level. Data retrieval was focused at the 850 hPa level, which is high enough to minimize the effects of topographic interference but low enough to characterize conditions in the lower troposphere outside the highlands. Where the land surface lies above 1500 m, the reanalysis data at 850 hPa is an unjustifiable extrapolation to levels that are beneath the surface. Despite these well-known difficulties in regions of complex terrain, this is deemed a better approximation to near-surface conditions than the next available standard level of more than 3000 m above sea level.
[20] Equivalent potential temperature (q e ) is the temperature reached if an air parcel is lifted adiabatically until all of its water has condensed and then adiabatically descends to a pressure of 1000 hPa. The q e is used as an indicator of atmospheric instability in the lower atmosphere (>800 hPa).
High q e at low levels is a necessary condition for deep convection because it indicates a moist air parcel with temperatures warm enough to make it potentially buoyant with respect to its surrounding environment, through release of latent heat of condensation. The majority of rainfall in tropical Africa is convective [Zipser et al., 2006] and must originate from regions with relatively high q e . Here, q e is used to identify moisture sources for rainfall in Kenya and Ethiopia.
Results
Isotopic Composition of Waters
[21] The d 18 O and dD values of precipitation, surface, and near-surface waters are plotted in reference to the GWML, the local MWL established for Addis Ababa (AddMWL), and an average of MWLs for Africa (AfrMWL) [Cohen et al., 1997; Rozanski et al., 1996] (Figure 4) .
[22] The d
18
O and dD values of waters from Kenya and Ethiopia are distinct (Figure 4 and auxiliary material 1 Data Set S1). The d
18 O values from Kenya waters average À2.5 ± 2.4% (n = 181), whereas Ethiopian waters yield d
18 O values that average À0.2 ± 1.8% (n = 165). d
18 O values of waters from Ethiopia are significantly higher than those from Kenya (separate variance t test p < 0.0001). However, the d-excess values from Kenyan waters (average 11.2 ± 9.2%; n = 149) are significantly higher than those from Ethiopia (average 6.5 ± 5.7%; n = 164) (separate variance t test, p < 0.001). Within this data set there are no significant differences in d
18 O or dD values of waters sampled from different zones within Kenya or Ethiopia.
[23] There are no significant trends between elevation and d
18 O values of waters from Ethiopia and Kenya ( Figure 5 ). The varying effects of evaporative enrichment on waters from similar elevations may be responsible for the lack of significant altitude effects. The influence of evaporation can be reduced by limiting the sample to waters that plot within ±2% of the d-excess expected for the GMWL, AddMWL, and AfrMWL. Among these waters there are weak (r 2 > 0.5) Figure 3 . O values than other waters from eastern Africa at similar altitudes. In Ethiopia, where many regions are characterized by low relative humidity, it would be reasonable to view the evaporative enrichment of raindrops as a primary cause of the high isotopic values, as suggested by Dansgaard [1964] . However, most of these waters plot on the local and global MWLs, eliminating evaporated rainfall as a viable explanation. Instead, an explanation for the anomalous waters must lie in an 18 O-enriched moisture source and in phenomena that minimize the depletion of heavy isotopes normally associated with high-elevation, inland locations.
[
25] Low d-excess values of waters from Ethiopia indicate enrichment in
18 O due to evaporation, as expected for river and shallow well waters in arid regions, like Afar, Ethiopia and northern Kenya (Figure 4 ). The prevalence of high d-excess values among Kenya waters may be indicative of precipitation that formed from water vapor evaporated near the land surface, either as a product of evaporated rainfall that recondenses or evaporation from surface waters, such as rift valley lakes [Russell and Johnson, 2006] O altitude relationships in some regions suggests a muted altitude effect. If the altitude effect exists in eastern Africa with a smaller gradient, it will be difficult to detect this subtle trend using the data that are presently available from surface and subsurface water samples and widely dispersed precipitation records. Instead, more systematic collections of rainfall along elevation transects must be made for eastern Africa, like those of Gonfiantini et al. [2001] .
Rainfall Climatology
[28] In this section, TRMM and NCEP/NCAR data products are used to evaluate climatic patterns and moisture sources that could influence the isotopic composition of precipitation from Ethiopia and Kenya.
[29] The distribution of MCSs (RPFs > 2000 km 2 ) mimics the seasonal distribution of rainfall in eastern Africa (Figure 6 ), marking patterns of two rainy seasons -the Kiremt (June -September) and Belg (March -May) in Ethiopia and the Masika (March -May) and Vuli rains (October -December) in Kenya. There is a notable absence of MCSs in southeastern Ethiopia during JJA when the Kiremt dominates the rest of Ethiopia. Instead, rainfall in southeastern Ethiopia is more similar to the rainy seasons in Kenya during MAM and SON.
[30] At the 850 hPa level, wind angle at the time of MCSs and RPFs varies by season and region. In Kenya, 850 hPa wind angle is southeasterly during the Masika and easterly during the Vuli rains (Figures 6 and 7) . During the Kiremt (JJA) in Ethiopia, winds associated with rain events are westerly and southwesterly in central and northern Ethiopia, whereas they are easterly and southwesterly during the shorter Belg rains (MAM). In the southern parts of Ethiopia, [Dansgaard, 1964; Rozanski et al., 1996; Cohen et al., 1997] .
where large storms events are more common in MAM and SON, winds are southerly.
[31] The 850 hPa wind angles at the times and locations of individual MCS events are compromised by the high elevation of the land surface, as indicated in section 3.2, and by the uncertainty of the reanalysis in data sparse regions of complex terrain. Although these results give a consistent picture, the moisture source for the rain-producing storms may be more reliably indicated by the mean seasonal conditions. Contours of mean seasonal q e at 850 hPa are plotted with mean seasonal wind vectors (Figure 8 ). Mean seasonal wind vectors at 850 hPa confirm wind angle trends observed for individual MCSs and RPFs (Figures 6 and 7) . Contours of q e follow regions of atmospheric instability, with high q e indicating regions that contain enough moisture and energy for convective activity. Ridges of high q e in southern Africa during the boreal winter (DJF) move to the north in the boreal summer (JJA) and track rainfall. During Ethiopia's Kiremt rains in JJA, 850 hPa mean wind vectors are southwesterly and southerly in the Ethiopian highlands, with regions of high q e to the west in central Africa and to the east on the Arabian Peninsula (Figure 8b ), indicating air with high moisture content and convective instability. During this same season, wind vectors over the Indian Ocean are very strong and pull low q e air over Kenya, which is low in moisture content and a poor energy source for storms. These southeasterly winds are deflected by the southern Ethiopian highlands and do not penetrate further into Ethiopia. During the Masika rains (MAM), southeasterly winds bring moisture from the Indian Ocean into Kenya. Seasonal mean wind vectors indicate that some of this moisture reaches parts of Ethiopia, coinciding with the short rains and consistent with the wind directions for this region in MAM (Figures 6 and 7) .
[32] The combination of q e and wind angle data suggests that there are two main moisture sources for eastern Africa, 1) marine vapor from the Indian Ocean and 2) terrestrial moisture from the Sudd and the Congo Basin. Strong southeasterly low-level winds moving from the Indian Ocean into Kenya and southern Ethiopia are coincident with elevated q e over the Indian Ocean in MAM. This combination of q e and low-level winds demonstrates the Indian Ocean as a moisture source for precipitation during the southeast monsoon, which is a well-established pattern [Nicholson, 1996] . In JJA, when central and northern Ethiopia receives the majority of its rainfall, westerly and southwesterly low-level winds draw air from a region of high q e in southern Sudan and the northeastern Congo Basin. The combination of westerly southwesterly winds and q e contours suggest that recycled moisture from terrestrial sources fuels the rains during the boreal summer in all areas of Ethiopia except for the southern portion of the country.
[33] The role of transpired and recycled moisture on African climate is exemplified by q e contours at 925 hPa ( Figure 9 ). Regions of high q e are constrained by the outline of the African continent and are centered in the Congo Basin for the majority of the year, where there is a large rain forest. In JJA, during the Kiremt rains in Ethiopia, regions of high q e at low levels are shifted northward toward the Sudd, an extensive region of swamps associated with the upper Nile River Basin. The restriction of high q e to terrestrial regions indicates that thermal instability and convective potential in Africa is associated with moisture content over land. Hodges and Thorncroft [1997] attributed this q e distribution to the moist lowlands of the Congo and the importance of fluxes from land surfaces as sources for convection rather than the ocean. Although low-level 925 hPa plots of q e (Figure 9 ) are useful to identify terrestrial moisture content over the Sudd and the Congo, and the low level airflow bringing this air toward Ethiopia, it is of limited use where the land surface is at higher elevations. The apparent high q e in the Ethiopian highlands year round (Figure 9 ) is an artifact of this incongruence and probably not commensurate with the true q e distribution in these high-elevation settings.
[34] The westerly and southwesterly flow of air and advection of moisture from the African interior into Ethiopia during the boreal summer has been noted in other studies [Camberlin, 1997; Conway, 2000; Gamachu, 1977 2003]. Slingo et al. [2005] performed numerical experiments with and without the Ethiopian highlands that implicated topography in blocking flow from the Indian Ocean and in permitting the air moistened over the Sudd and the Congo to reach the highlands instead. They also used a different reanalysis (from the European Centre for MediumRange Weather Forecasting) to show that moist low-level airflow reaches Ethiopia from the southwest and west and that the highlands block westerlies from southern Ethiopia.
Discussion
[35] Precipitation in Kenya is fed by southeasterly winds, which bring moisture from the Indian Ocean. d 18 O values of Kenyan rainfall. Any westerly or southwesterly moisture should have a different isotopic composition. The absence of these isotopic distinctions within Ethiopia may be a product of the uneven geographic distribution of the sampled waters.
[36] Westerlies and southwesterlies are responsible for precipitation in Ethiopia during the Kiremt (Figures 6 and 7) . Vapor sources from the Sudd and in the Congo Basin are likely products of terrestrial water recycling, as demonstrated by the association of high q e with the continental outline in the lower troposphere (Figure 9 ). This pattern of high q e has been observed in other studies that demonstrate the importance of recycled moisture in tropical Africa [Brubaker et al., 1993; Gong and Eltahir, 1996; Trenberth, 1999] .
[37] The d 18 O and dD values of water formed from recycled moisture provide information about how that moisture was recycled in the source area. As discussed earlier, terrestrial water that is returned to the atmosphere through transpiration experiences no fractionation, producing water vapor that is enriched in 18 O relative to its source water but that plots on the local meteoric water line. In contrast, terrestrial water returned to the atmosphere through evaporation does fractionate, such that rainfall produced from evaporated sources has a high d-excess and is depleted in 18 O relative to the source water. The isotopic distinction between transpired and evaporated recycled water has been demonstrated in the Amazon and used as a tool for evaluating the terrestrial water cycle [Gat and Matsui, 1991; Moreira et al., 1997; Salati et al., 1979; Victoria et al., 1991] .
[38] If similar principles are applied, isotopic data from this study suggest that the recycled water source for Ethiopian rainfall likely has a significant transpired component because: (1) the d-excess of the waters are relatively low and are rarely greater than the local and global meteoric water lines, and (2) precipitation in Ethiopia is enriched in 18 O, not depleted in 18 O, as it would be if evaporated waters were the dominant moisture source. The importance of transpired moisture in controlling the isotopic composition of African precipitation has been suggested by Taupin et al. [2000] , who note the absence of the continental effect in western Africa and suggest that the moisture is not fractionated but instead recycled through transpiration. Hydrological studies of the Sudd and Congo Basin typically group water loss from evaporation and transpiration into a single term [Crowley et al., 2006; Mohamed et al., 2006] . Separating these terms and evaluating their relative contribution to recycled moisture will be necessary for testing the role of transpired moisture on the isotopic composition of Ethiopian rainfall.
[39] Given the wind angle and q e data, recycled 18 Oenriched moisture from southern Sudan or the Congo is a likely candidate for the high d
18 O values of Ethiopian rainfall. Unfortunately, there are very few d
18 O and dD data from these regions. The GNIP station at Kinshasa, which is in the westernmost part of the Congo Basin and near the Atlantic coast, is not representative of the isotopic composition of water from the interior of the Congo Basin. Nor should the GNIP isotope data from Entebbe, Uganda be considered a useful gauge of water isotopes near the Congo because it is affected by moisture evaporated from Lake Victoria [Rozanski et al., 1996] . We are not aware of isotopic data on waters from the Sudd, however there are published data that include water samples from springs, rivers, and isolated rain events in northeastern Congo and from western Uganda [Cerling et al., 2004; Russell and Johnson, 2006 ; IAEA, Global network of isotopes in precipitation, The GNIP Database, 2006, http://isohis. iaea.org]. In general, these waters plot on or near the GMWL and the AfrMWL and range from À5.2% to +2.9%. Russell and Johnson [2006] suggest that the high d
18 O values in rain and river waters originate from recycled and 18 O-enriched waters from the Congo Basin. Although there is only indirect evidence for the isotopic composition of Congo Basin moisture, the existing data suggest that this moisture could be one of the sources for the 18 O-enriched waters in Ethiopia.
[40] The Congo Air Boundary, which forms a midline in Africa and separates westerly and easterly low-level flow (Figure 2) , could be considered an isotopic divide that separates the influence of relatively 18 O values from precipitation associated with the MAM storms should more closely resemble the isotopic composition of rainfall in Kenya, which is also associated with southeasterlies that transport moisture from the Indian Ocean.
Conclusions
[41] Isotopic analysis of surface and subsurface waters from Ethiopia and Kenya confirms previous studies that indicate higher d
18
O values in waters from Ethiopia relative to waters from regions of similar elevation in tropical Africa. This study takes advantage of the relative ease of sampling surface and subsurface waters over a broad geographic area compared to the prospect of making longterm precipitation collections and measurements in the same region.
[42] The difference in water d
O values between Ethiopia and Kenya is likely due to differences in moisture sources. Easterly and southeasterly winds are associated with both rainy seasons in Kenya. The long rains coincide with relatively high q e values near the coast and indicate the Indian Ocean as a moisture source for Kenyan rainfall. d
18 O values from Kenya at low altitudes mimic those from Dar es Salaam and are consistent with an Indian Ocean moisture source. In contrast, westerly low-level winds coincide with precipitation events during the Kiremt rains in Ethiopia (June -September) and indicate a westerly moisture source. Moisture from this region is likely recycled by transpiration and has a higher isotopic value than waters subject strictly to Rayleigh fractionation. The Belg rains (March -April) in Ethiopia are associated with southeasterly winds. For regions of Ethiopia that receive rainfall during both the Kiremt and Belg rainy seasons, there is a seasonal oscillation between continental and Indian Ocean moisture sources.
[43] The importance of this study lies in understanding rainfall dynamics in a drought-sensitive region and in establishing a modern context with which to interpret isotopic records from the past. The isotopic divide that tracks climatic differences within eastern Africa is an expression of the Congo Air Boundary. The presence and distribution of this isotopic divide depends on topography that limits the flow of low-level air streams, the flux of Figure 9 . NCEP mean seasonal wind vectors and contours of q e at 925 hPa. Note that the scales for vectors and q e are different in the plots for each season. The q e temperatures are reported in degrees Kelvin. Color scales for q e are defined at the base of each plot, and vector scales are defined in the top right-hand corner of each plot. Plots were generated from: http://www.met.utah.edu/zipser/pub/projects/ ncep/. moisture from the African interior, and monsoon strength. Any changes in these parameters in past or future climate scenarios would affect the isotopic composition of waters in eastern Africa.
